Molecular imprinting has been conducted on the surface of TiO 2 particles to enable the recognition of dibenzothiophene (DBT) molecules. This was achieved via the use of a novel surface molecular-imprinting technique. The adsorption behaviour of the dibenzothiophene-imprinted material (D-MIP/TiO 2 ) was evaluated using batch adsorption experiments to determine the kinetic, isotherm and thermodynamic parameters. The experimental results showed that the adsorption process followed pseudo-second-order kinetics and that the experimental data were well fitted by the Freundlich adsorption equation. This indicated that adsorption involved a multilayer process. Values of the Gibbs' free energy (ΔG 0 ) ranged from -7.11 kJ/mol to -9.36 kJ/mol over the temperature interval 298-318 K, indicating that the adsorption was endothermic in nature. In addition, D-MIP exhibited selective recognition of DBT relative to other similar compounds such as benzothiophene (BT), 4-methyldibenzothiphene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT). In the corresponding selectivity test, D-MIP/TiO 2 showed a greater adsorption capacity towards DBT than BT, 4-MDBT and 4,6-DMDBT. The large imprinting factor (ca. 2.5) exhibited by D-MIP/TiO 2 for DBT could be explained in terms of a covalent assembly mechanism.
INTRODUCTION
Dibenzothiophene (DBT) and its analogues are important organosulphur compounds (OSCs) which have received considerable attention in the design of molecular electronic devices and electron-transporting materials (Huang et al. 2006; Wang, B.-H. et al. 2003; Yang et al. 2003) . DBT and its analogues, primarily found in coal tar and crude oil, have become a challenge in desulphurization investigations. In recent years, serious environmental pollution has been caused by the combustion of the organosulphur compounds contained in these fuels. In addition, the SO x and sulphate particulate matter emitted by such fuels is not only a major source of acid rain, but also leads to equipment corrosion and catalyst poisoning (Gao, H.S. et al. 2009 ). In order to protect the environment, regulations have been passed in many countries in an attempt to decrease world-wide sulphur levels (EPA Report 2003) .
At present, refineries depend on the conventional method of desulphurizationhydrodesulphurization (HDS) processes to eliminate thiols, sulphides and disulphides (Zhu et al. 2008) . However, the conventional HDS process is not effective in eliminating heterocyclic organosulphur compounds such as DBT and its analogues, particularly 4-methyldibenzothiphene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) (Hou et al. 2005) . Moreover, this process requires the use of severe conditions such as high temperatures (T > 623 K), high pressures (3-10 MPa) and high hydrogen consumption (20-100 atm) (González-García and Cedeño-Caero 2009). Consequently, various alternative desulphurization technologies have been widely investigated in recent years, including bio-desulphurization (BDS), extraction, oxidation, etc. . However, such technologies have some disadvantages, such as poor selectivity and slow mass-transfer.
Molecular-imprinting techniques for preparing artificial host systems and simulating the specific binding events of biological receptors have attracted considerable research efforts to date because of their promising applications in separation, catalysis, as sensors for chemically or biochemically active components and in drug delivery (Ye and Mosbach 2008; Yilmaz et al. 2000; Shi et al. 1999; Tatemichi et al. 2007; Bass and Katz 2003; Gao, D.M. et al. 2007; Guan et al. 2007 ). Molecularly-imprinted polymers (MIPs) are special polymers synthesized by molecular-imprinting techniques. Such MIPs have specific molecular recognition abilities and a high binding affinity for the target molecule, and are described as artificial antibodies or receptors. However, the conventional method for preparing MIPs has some disadvantages. Thus, it is a time-consuming and complicated preparation process involving the crushing and grinding of the imprinted polymeric monolith. This leads to a smaller number of recognition sites inside the matrix particles, with a greater diffuse barrier for the template molecules arising from the presence of thick matrices -which, in turn, leads to a poor binding capacity and a lower kinetic binding behaviour of MIPs towards the template molecules (Xie et al. 2006) .
In order to respond to such limitations, the surface molecular-imprinting technique has been advanced as a novel and more feasible alternative (Yoshida et al. 2000) . Surface molecular imprinting allows the generation of binding sites situated either at or close to the support surface, providing the advantages of high selectivity, more accessible sites and fast association kinetics. Many types of inorganic materials have been used as supports, e.g. SiO 2 (Kodakari et al. 1997 (Diltemiz et al. 2008) , carbon nanotubes (Suzuki et al. 2002) , ZnS quantum dots (Wang, H.F et al. 2009 ), etc., for different application requirements.
As a multifunctional material, nano-TiO 2 has attracted much attention because of its photostability, non-toxicity, low-cost and readily availability. In addition, nano-TiO 2 provides a solid substrate with hydroxy groups on its surface, which enable it to react with ethylene glycol dimethacrylate (EGDMA) [H 2 C=C(CH 3 )C(O)OCH 2 CH 2 OC(O)C(CH 3 )=CH 2 ]. As a consequence, we have employed TiO 2 nanoparticles as supports in our studies. Similarly, because dibenzothiophene (DBT) provides 70% of the total organic sulphur content in fuels (Birlik et al. 2007) , it was selected as the model sulphur template in the work reported herein. In this work, both fundamental analyses and adsorption assays were performed systematically, with a simulated oil solution (n-octane) being employed in all the adsorption assays. This simulated oil was utilized as the model system for investigating the adsorption tests from start to finish. It is worthy of note that the focus of our work was high-molecular mass sulphur compounds such as DBT at low temperature without the need for a high energy input. The aim of this study was to investigate the feasibility of employing the surface-imprinted polymer in a model adsorption system for selectively adsorbing the OCSs concerned.
EXPERIMENTAL

Chemicals
Commercial samples of nano-TiO 2 (50-nm particle radius) were purchased from the River Hai Nami Technology Co. Ltd., Jiangsu, P. R. China. All the reagents employed, including methacrylic acid (MAA), toluene, glacial acetic acid, methanol (MeOH), ethanol, acetonitrile (ACN), n-octane and 2,2´-azobisisobutyronitrile (AIBN) were supplied by the Sinopharm Chemical Reagent Co. Ltd., Beijing, P. R. China and were of A.R. grade. Tetradecane (99%), 4-vinylpridine (4-VP, 96%), dibenzothiophene (DBT, 98%), benzothiophene (BT, 99%), 4-methyldibenzothiophene (4-MDBT, 96%), 4,6-dimethyldibenzothiophene (4,6-DMDBT, 97%) and ethylene glycol dimethacrylate (EGDMA, 98%) were all obtained from the Sigma-Aldrich Shanghai Trading Co. Ltd., Shanghai, P. R. China and used without further purification.
Apparatus
The adsorbed DBT content in re-binding tests was determined using an Agilent 7890A gas chromatograph equipped with a flame ionization detector (GC-FID) employing a SE-54 capillary column (15 m × 0.32 mm i.d. × 1.0 μm film thickness).
Preparation of D-MIP/TiO 2 , D-NIP/TiO 2 and D-CIP
D-MIP/TiO 2 was obtained via a self-assembly polymerization on the surface of TiO 2 particles using a two-step procedure. In the first stage (pre-polymerization), 4-VP (4.0 mmol) and DBT (1.0 mmol) were dissolved in toluene (10.0 mᐉ) in a small conical flask and the monomer and template degassed and fully dispersed ultrasonically. After 10 min, TiO 2 (240.0 mg) was added to the contents of the flask and the latter maintained for 2.5 h at room temperature with continuous stirring at 300 rpm. After this stage, EGDMA (16.0 mmol) and AIBN (0.1 mmol) were also added successively to the pre-polymerization mixture. The mixture was sparged with nitrogen gas for about 10 min, the flask containing the same outgassed to ensure vacuum conditions and placed in a water bath.
The second stage of the polymerization process involved changing the temperature twice during the reaction procedure. Thus, the reaction temperature was first increased to 323 K for 3.5 h in order to obtain a highly cross-linked polymer, then maintained at 333 K for 24 h. Following this, the resulting mixture was cooled to room temperature, the polymer generated separated and washed three times with ethanol to remove all impurities. Elimination of DBT from the D-MIP/TiO 2 was performed by Soxhlet extraction with a mixed solution of methanol/glacial acetic acid (80:20, v/v) for 16 h. To effect further ligand removal, the polymeric product was washed with ACN (100 mᐉ) for 16 h and finally dried in vacuo at 323 K for 24 h. A schematic representation of the method employed for the preparation of the surface-imprinted DBT polymer is depicted in Figure 1 . In addition, a non-surface-imprinted polymer (D-NIP/TiO 2 ) was also prepared as a blank by conducting a parallel experiment but without the addition of DBT. Furthermore, the conventional imprinted polymer (D-CIP) was prepared in a similar manner but without the addition of the TiO 2 support.
Adsorption tests
Adsorption assays were undertaken in order to assess the adsorption capacity and selectivity of D-MIP/TiO 2 . Thus, 10.0 mg of the sorbent was added to a series of screw-capped vials containing an n-octane solution (2.0 mᐉ) of a mixture of organosulphur and derivative compounds at a specified concentration. The contents of the screw-capped vials were stirred by shaking at ca. 300 rpm for 6 h on a shaker maintained at 318 K. After centrifugation, the contents of the final supernatant fluids were determined by gas chromatography (GC) employing the following conditions: front injection port temperature = 523 K; front detector temperature = 573 K; oven temperature = 373 K. Tetradecane was used in all determinations as an internal standard. The adsorption capacity, q (mol/g), of D-MIP/TiO 2 towards each molecule was determined via equation (1) (1) where q is the adsorption capacity, C 0 (mg/ᐉ) and C e (mg/ᐉ) are the initial and equilibrium concentrations, respectively, of DBT in solution, V (ᐉ) is the volume of the solution and W (g) is the mass of sorbent (dry weight) employed.
The static distribution coefficient, K D , and the imprinting factor, α, were utilized to evaluate the specific adsorption of MIP. The quantities K D and α may be defined according to equations (2) and (3) where K D is the distribution coefficient, C p (mg/ᐉ) is the concentration of DBT adsorbed by D-MIP/TiO 2 or D-NIP/TiO 2 , C s (mg/mᐉ) is the concentration of DBT in solution at adsorption equilibrium, and K D (D-MIP/TiO 2 ) and K D (D-NIP/TiO 2 ) are the static distribution coefficients of DBT onto MIP and NIP, respectively. The quantities C p and α correspond to the re-binding capacity and imprinting factor, respectively.
RESULTS AND DISCUSSION
In the present work, we have examined the loading capacity of D-MIP/TiO 2 , D-CIP, D-NIP/TiO 2 and TiO 2 . From the data listed in Table 1 , it can be seen that D-MIP/TiO 2 had a higher adsorption capacity (q = 14.06 mg/g) than the other three polymers examined. Furthermore, the experimental results show that the loading capacity of D-CIP was only slightly higher than that of D-NIP/TiO 2 . This may be attributed to the specific adsorption towards DBT displayed by D-CIP, whereas D-NIP/TiO 2 did not show this property. Although D-NIP/TiO 2 was synthesized with TiO 2 as the support using the surface-imprinting technique and, as a consequence, could be advantageous for surface molecular imprinting, it lacked DBT-specific sites because of the absence of the DBT template during polymerization. This may have led to its adsorption capacity being slightly less than that of D-CIP. However, in the case of D-MIP/TiO 2 , the existence of specific sites during the surface-imprinting technique allowed the adsorption of DBT. Thus, on the one hand, D-MIP/TiO 2 possessed specific binding sites which even after the removal of DBT could still specifically adsorb DBT; on the other hand, D-MIP/TiO 2 synthesized via the surface-imprinting technique also had specific sites exposed on the surface of TiO 2 which could readily attract DBT. In addition, TiO 2 itself exhibited a small adsorption capacity. As a consequence, surface molecular imprinting offered the advantage of providing more accessible sites for D-MIP/TiO 2 and increased the adsorption capacity. Hence, D-MIP/TiO 2 was used to further study the adsorption process as described below.
Adsorption mechanism
Modern experimental methods have demonstrated that five of the carbon atoms of dibenzothiophene situated in the thiophene ring exhibit sp 2 hybridization, the atoms being arranged in a planar fashion with each possessing a p-orbital in which the electron either takes no part or only a limited part in hybridization perpendicular to the plane of the ring. Whereas the carbon atom possesses a single electron in this state, the sulphur atom possesses a pair of such electrons so that the electron cloud density is high. Because the electronegativity of the sulphur hetero-atom (2.44) is larger than that of carbon (2.05), it exerts an electrophilic inductive capacity effect which orientates the electrons along the bond and thus generates a negative charge on the sulphur atoms. Meanwhile, although its p-π conjugative effect is weaker since it involves a 3p orbital with a long radius, the thiophene ring exerts a strong conjugative effect since its 3d orbital can be involved in bond-formation. As a result, apart from the p-p components, thiophene molecules possess p-d components which make the electron density of the heterocycles greater than that of the benzene ring, and hence more affected by electrophilic groups. As a consequence, interaction between the DBT template and the functional 4-VP monomer may be inferred to occur in the manner shown in Figure 2 . 
Adsorption studies
Adsorption kinetic studies provide one of the important methods for illustrating the efficiency of an adsorption process and for estimating the residual time necessary for the whole process. The kinetics of DBT adsorption by D-MIP/TiO 2 over the temperature range 298-318 K were investigated by changing the contact time between the adsorbent and adsorbate from 20 min to 720 min. Figure 3 shows that, at a given initial concentration of 500 mg/ᐉ DBT, the adsorption capacity towards DBT increased with time, to attain a maximum value and finally reach equilibrium at each of the temperatures studied. The curves also show that the adsorption process was quite rapid over the first 180 min and then increased slowly up to the equilibrium stage. The latter was achieved at ca. 300 min, when the curves were approximately horizontal in nature. This indicates that although the adsorption of DBT was initially fast, after the polymer D-MIP/TiO 2 attained a saturated adsorption state penetration of the DBT molecule into D-MIP/TiO 2 became much more difficult.
In order to analyze the adsorption of DBT onto the surface polymers, the pseudo-first-order [equation (4) where q e and q t are the amounts of DBT (mg/g) adsorbed onto the adsorbent at equilibrium and at a time t, respectively, while k 1 (min -1 ) and k 2 [g/(mg min)] are the rate constants for pseudo-firstorder and pseudo-second-order adsorption kinetics, respectively. The value of k 1 was calculated from plots of log(q e -q t ) versus time while k 2 was obtained by plotting t/q t versus time. After such calculation, the corresponding correlation coefficients (R 2 ) listed in Table 2 were obtained. Comparison of these values showed that the fit of the experimental data by the pseudosecond-order kinetic model gave higher correlation coefficients. Hence, the adsorption behaviour of DBT onto D-MIP/TiO 2 followed the pseudo-second-order kinetic model, indicating that the adsorption process was chemical in nature.
Adsorption isotherms
Batch adsorption experiments were conducted by placing 10 mg of D-MIP/TiO 2 in 10 mᐉ screwcapped vials containing 2 mᐉ of different concentrations of DBT solution. Figure 4 shows the 982
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where q e (mg/g) and C e (mg/ᐉ) are the amounts adsorbed onto optimized D-MIP/TiO 2 and the concentration of DBT in the solution at equilibrium, respectively, Q e is the theoretical maximum monolayer adsorption capacity (mg/g), K L (mg/ᐉ) is the Langmuir constant (related to the affinity of the adsorption sites), and K F and n are Freundlich constants related to the adsorption capacity and intensity, respectively. The quantities K F and n can be determined from a linear plot of log q e versus log C e . The corresponding parameters obtained by fitting both the Langmuir and Freundlich isotherm models to the experimental data are listed in Table 3 . The Langmuir equation is usually used to describe monolayer adsorption without adsorbate-adsorbate interaction ). In the present study, the Freundlich adsorption equation gave a better fit to the equilibrium adsorption data obtained from the batch adsorption tests, thereby indicating that the adsorption of DBT onto D-MIP/TiO 2 occurs via a multiple layer process. In order to display the effect of temperature on the adsorption thermodynamic parameters, the standard free energy change, ΔG 0 , the standard enthalpy change, ΔH 0 , and the standard entropy change, ΔS 0 , were calculated using equations (8)-(10) below (Chegrouche et al. 2009 ):
where K c is an equilibrium constant [= C ṕ /C s (mg/g)], where C ṕ (mg/g) corresponds to the amount of DBT adsorbed by D-MIP/TiO 2 at adsorption equilibrium and C s (mg/mᐉ) is the equilibrium concentration of DBT in the solution. The magnitude of ΔH 0 can be determined from the slope and intercept of the plot of ln K c versus 1000/T. The corresponding thermodynamic parameters are listed in Table 4 . That the adsorption occurs spontaneously was confirmed by the negative values of ΔG 0 and the positive values of ΔS 0 . In addition, the positive values of ΔH 0 indicate that the adsorption was endothermic.
Adsorption selectivity
The molecular selectivity of the imprinted sites on the surface of TiO 2 was further investigated by Figure 5 shows that D-MIP/TiO 2 particles exhibited only a slightly larger binding capacity towards DBT than to BT. However, the binding capacity of the imprinted particles towards BT was almost equal to that of the corresponding non-imprinted particles. This suggests that the high uptake of BT by D-MIP/TiO 2 particles is predominately attributable to non-specific adsorption. In principle, BT, 4-MDBT and 4,6-DMDBT are capable of fitting into the DBT-imprinted sites due to the similarity in their molecular shapes. However, the above observation could suggest that BT has a smaller molecular Ligand adsorption (mg/g) D-MIP/TiO 2 D-NIP/TiO 2 diameter than DBT, thereby showing relatively smaller steric hindrance and hence a greater adsorption by D-MIP/TiO 2 than the other two analogues studied. On the other hand, D-MIP/TiO 2 particles exhibited a much lower adsorption capacity towards 4-MDBT and 4,6-DMDBT than DBT, while the corresponding non-imprinted particles exhibited virtually the same binding capacity towards these two analytes, which again may be attributed to non-specific adsorption. The amount of specific adsorption exhibited by DBT-imprinted sites towards the above four analytes may be calculated roughly from the difference between the amounts adsorbed by the DBT-imprinted particles and the corresponding non-imprinted particles ( Figure 6 ). The imprinting factors determined by non-competition adsorption are listed in Table 5 . It is clear that D-MIP/TiO 2 exhibited the highest specificity for DBT template molecules. The specific binding capacity of the imprinted sites towards the other analogues was very low. A competitive adsorption experiment was also undertaken by suspending the imprinted and non-imprinted particles in a mixed solution containing DBT and BT at equal concentrations. The data listed in Table 5 show that the imprinting factor of DBT was still larger than that of BT, thereby exhibiting preferential binding/displacement for DBT in the mixed competition experiment.
CONCLUSIONS
In this work, TiO 2 surface-imprinted polymer exhibited an imprinting effect and was applied to the adsorption of organosulphur compounds (OSCs) such as BT, DBT, 4-MDBT and 4,6-DMDBT. Data represent the mean values of three measurements obtained by suspending 10 mg of particles in 2 mᐉ of 2.71 mmol/ᐉ analyte solution. b The competition experiment was conducted by suspending 10 mg of particles in 2 mᐉ of mixed solution containing 2.71 mmol/ᐉ DBT and 2.71 mmol/ᐉ BT. The best description of the kinetic adsorption data was provided by the pseudo-second-order kinetic model. Isotherm studies showed that the experimental equilibrium data could be well fitted by the Freundlich adsorption model. The thermodynamic parameters evaluated for the DBT/adsorbent system confirmed that the adsorption process was endothermic in nature. The data obtained demonstrate the feasibility of employing this technique for the removal of organosulphur compounds. It is expected that further studies will lead to an enhancement in the performance of the polymer and allow the technique to be applied in the desulphurization of commercial gasoline.
